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ABSTRACT: We use conduction atomic force microscopy (CAFM) to examine the
soft breakdown of monocrystalline hexagonal boron nitride (h-BN) and relate the

[l Metrics & More | e Supporting Information

observations to the defect generation and dielectric degradation in the h-BN by charge kjo h i N

transport simulations and density functional theory (DFT) calculations. A modified ,’;f.‘,‘{iﬁ PEETELL

CAFM approach is adopted, whereby 500 X S00 nm* to 3 X 3 um” sized metal/h-BN/ T

metal capacitors are fabricated on 7 to 19 nm-thick h-BN crystal flakes and the CAFM ‘s [T OB ON W

tip is placed on top of the capacitor as an electrical probe. Current—voltage (I-V)
sweeps and time-dependent dielectric breakdown measurements indicate that defects
are generated gradually over time, leading to a progressive increase in current prior to
dielectric breakdown. Typical leakage currents are around 0.3 A/cm” at a 10 MV/cm
applied field. DFT calculations indicate that many types of defects could be generated
and contribute to the leakage current. However, three defects created from adjacent
boron and nitrogen monovacancies exhibit the lowest formation energy. These three
defects form molecular bridges between two adjacent h-BN layers, which in turn
“electrically shorts” the two layers at the defect location. Electrical shorting between layers is manifested in charge transport
simulations, which show that the I-V data can only be correctly modeled by incorporating a decrease in effective electrical thickness
of the h-BN as well as the usual increase in trap density, which, alone, cannot explain the experimental data. An alternative
breakdown mechanism, namely, the physical removal of h-BN layers under soft breakdown, appears unlikely given the h-BN is
mechanically confined by the electrodes and no change in AFM topography is observed after breakdown. High-resolution
transmission electron microscope micrographs of the breakdown location show a highly localized (<1 nm) breakdown path
extending between the two electrodes, with the h-BN layers fractured and disrupted, but not removed.

KEYWORDS: conduction AFM, gate dielectric, h-BN, 2D layer breakdown, and reliability

1. INTRODUCTION

Hexagonal boron nitride (h-BN) is a van der Waals layered
material that has numerous potential applications." In
particular, h-BN has been very popular as a substrate for 2D

assess the wear out and reliability of h-BN'’ before the
material can be considered for gate dielectric applications and
over the past few years, there have been considerable efforts in

e g . 14—17
this direction.

semiconductor devices as it provides an atomically flat surface
and an interface that is free of dangling bonds.” Recently,
defects in h-BN have also become crucial to harness novel
quantum phenomena, including realizing the brightest single
photon sources.” Importantly, h-BN has also emerged as a key
material to be used as a gate dielectric for 2D nanoelectronics.”
Previous attempts toward integration of conventional gate
dielectrics (e.g, SiO, and HfO,) with 2D materials such as
graphene and MoS, have proven to be challenging due to the
high interfacial defect density between a 3D dielectric and a 2D
semiconductor, which greatly reduces the intrinsic carrier
mobility.” Alternate layered dielectrics including Bi,SeOs,°
mica,” oxidized HfS,,® and MoTe,” have also been proposed
and are now actively investigated, although h-BN remains by
far the most studied 2D insulator.”'°™'? As such, it is crucial to

© 2023 The Authors. Published by
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Prior reliability studies on h-BN can be separated into two
groups depending on the growth process used to produce the
h-BN film, namely: (a) scalable techniques such as chemical
vapor deposition (CVD)'*'® and molecular beam epitaxy
(MBE)"® and (b) mechanical exfoliation from bulk crystalline
h-BN,'”"*" yielding micron-sized single crystal flakes trans-
ferred onto a surface of interest. State-of-the-art CVD/MBE
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grown multi-layer h-BN films have poor thickness uniformity"*
and contain microstructural defects,”**' resulting in an
unacceptably high leakage current and wide variability of
electrical characteristics across devices. This renders CVD/
MBE materials unsuitable for the study of intrinsic h-BN
reliability and failure analysis. In contrast, with mechanical
exfoliation, single crystalline h-BN flakes of uniform thickness
can be routinely prepared from high-purity bulk crystals.””
Although the lateral size of an exfoliated h-BN flake is typically
only 10—50 pm, the defect density is 2—3 orders of magnitude
lower than that of CVD/MBE h-BN,* thus providing a better
platform to study the intrinsic material properties of h-BN and
evaluate its suitability as a gate dielectric. In this work, we
exclusively use exfoliated h-BN and our findings provide a
benchmark to evaluate h-BN grown by the scalable CVD/MBE
methods for practical future applications.

Charge transport measurements have shown that tunneling
current depends exponentially on the number of h-BN
layers”'” and direct tunneling is dominant for 1—3 layers.
Intrinsic defects in h-BN act as quantum dots, modulating the
local charge transport, and this effect is prominent in few layer-
thick h-BN."” These pre-existing defects can also give rise to
random telegraph noise,”*** ultimately leading to a drift of the
transistor parameters (e.g., threshold voltage, drain current)
over time. Noticeable Fermi level pinning was found at the
metal/h-BN interface, suggesting a limited ability to control
the band alignment.”® Not surprisingly, the breakdown field
strength (&gp) in h-BN shows anisotropy,'® with highest values
reported along out-of-plane directions.

Most of the above charge transport measurements have been
carried out using a metal/h-BN/metal crossbar test struc-
ture,'”””*® where the area of the resulting capacitor typically
varies from 1 ym X 1 ym to S ym X S ym. The number of
such crossbar capacitors, which can be fabricated on exfoliated
h-BN flakes, is limited to around 10 per flake and hence only a
limited set of capacitors is available for testing.”® In this
context, conduction atomic force microscopy (CAFM) has
also been used to obtain complementary electrical data of
exfoliated h-BN, with a movable sharp probe acting as the top
electrode.’” The area of contact largely depends on the radius
of curvature of the AFM probe and typically varies between 10
and 100 nm?, allowing large, statistically meaningful data sets
to be collected on many single flakes. CAFM measurements
have shown that the tunneling current distribution is highly
uniform across a flake of fixed thickness'” and the breakdown
voltage is high and follows a Weibull distribution."

Leakage current and breakdown voltage (or field strength)
are two basic parameters essential for the characterization of
gate dielectric reliability. However, to improve device perform-
ance and mitigate reliability issues, it is also critical to know the
underlying atomic-scale mechanisms leading to degradation of
the dielectric under an applied electrical stress. In this regard,
there remain many open questions for h-BN related to defect
generation, metal migration, and the evolution of the
breakdown process. For example, the popular notation of
‘layer-by-layer’ breakdown in h-BN is often attributed to the
physical fracture and subsequent removal of h-BN layers,'* but
importantly this is observed under hard breakdown (HBD),
i.e, under conditions wherein a very high current flows and
catastrophic material damage is to be expected. We have
shown previously by CAFM that such mechanical damage is
strongly suppressed in soft breakdown (SBD)'>'* where the
current is much lower. SBD represents a regime of more
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relevance with regard to circuit reliability as the integrated
circuit chip remains functional although with reduced
performance.””*” The influence of 2D layering can still be
observed under SBD conditions in that current—voltage (I-V)
curves measured by repeatedly ramping the voltage at one
location often show (in ~30% of the locations measured) a
change in breakdown resistance corresponding to a chanige of
one monolayer thickness between successive I-V ramps.” In
this work, we attribute this to “electrical shorting” between
layers rather than the physical removal of a h-BN layer. This
interpretation is supported by our density functional theory
(DFT) studies showing that atomic bonding between adjacent
layers, which is referred to as “molecular bridging”, can
occur.” Our DFT study also showed many other types of
defects that are stable and hence could be generated by
electrical stress and contribute to the leakage current; a finding
supported by our experimental observation that only ~30% of
the above mentioned CAFM IV curves show electrical
shorting of the h-BN layer behavior, with presumably the
other 70% of the observations representing the effect of
alternative defect configurations.'” A recent extension of the
DFT approach demonstrated that resistive switching in h-BN
for use in memristor devices may also be based on the
reversible formation of such molecular bridge defects, at least
for the case studied involving tri-vacancy defects.”” Importantly
for our study, this work also showed that the electronic
transmission function of the bridge-type defects is ~1000X
greater than that of pristine h-BN, indicating that a significant
increase in charge transfer would occur through these bridge
defects. Notwithstanding these insights, there remains
uncertainty in the underlying atomistic mechanism responsible
for stress-induced degradation of h-BN with regard to
application in devices.

In this work, we combine experiments on capacitor test
structures, charge transport simulations across the capacitors,
and ab initio DFT calculations to gain robust insights into the
defect generation, dielectric degradation, and breakdown in h-
BN. We have designed a test methodology in which small
capacitors, ranging from 500 X 500 nm? to 3 X 3 umz, are
fabricated directly on a single crystal h-BN flake and a
conducting AFM tip is brought into contact with the top
capacitor electrode to carry out electrical measurements. We
name this method Cap-AFM, and the approach circumvents
several problems associated with traditional CAFM, such as the
ill-defined area of the electrical junction, variability in the
conductivity of the tip due to mechanical wear, and
contamination of the tip apex while maintaining a sufficiently
small junction area such that many capacitors can be
microfabricated on a single h-BN flake for measurement. The
Cap-AFM method is slower compared to standard CAFM
because the AFM tip must be first aligned over the capacitor
for the measurement. Nevertheless, a key advantage is that the
method provides identical but more reproducible I-V data than
CAFM, provided that the metal—dielectric interfaces are kept
clean during the lithography processing. The smallest
capacitors we have fabricated are 500 X 500 nm? which is a
trade-off between having a large enough area to easily place the
AFM tip and a small enough area to minimize the influence of
extrinsic defects.

Our results show that defects are generated gradually over
time and lead to a progressive increase in current prior to
breakdown. Effects specifically arising from the 2D layering of
h-BN, e.g., localized leakage current via a breakdown path, are

https://doi.org/10.1021/acsaelm.2c01736
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masked in electrical measurements on the capacitors because
of the relatively large capacitor area, in contrast to our previous
localized CAFM measurements. Despite this limitation, charge
transport simulations and DFT calculations indicate that the
data is best described by the continuous generation of defects,
with the three lowest energy interlayer defect structures
resulting in the formation of molecular bridges effectively
leading to an “electrical shorting” between the h-BN layers.
Further, physical removal of h-BN layers in the lead-up to
breakdown does not appear likely as high-resolution trans-
mission electron microscopy (TEM) cross-sectional analysis at
the precise breakdown location shows a highly local break-
down path extending between the two electrodes, with the h-
BN layers fractured and disrupted, but not removed.

2. RESULTS AND DISCUSSION

2.1. Test Structure and Physical Characterization. The
test structures used consist of h-BN capacitors as shown
schematically in Figure la. Two commonly used electrode

(a)

£d b kg

0 CO 0O GO 00 00 00 00 00
h-BN | ©8-98-06-00-00-c0-00 co <o
00000 0000 00 00 00 00
layer | 90 00 00 C0-00 CO $0 €O O
0-CO- 00000000 00 00 00
‘ooooooooo
[ Au OTi ©B ON

Figure 1. Experimental outline of Cap-AFM measurement. (a)
Schematic showing the Au (bottom)/h-BN/Ti (top) capacitor test
structure used in the experiments. h-BN is monocrystalline with
thickness between 7 and 19 nm. The electrical connections for CAFM
measurements used in the experiments are as shown. Bias is always
applied to the CAFM tip, and the sample is electrically grounded. (b)
Optical micrograph showing a 12 nm-thick h-BN flake on a Au-coated
SiO,/Si substrate after patterning the top electrode. The area of the
capacitors varies from 500 nm X 500 nm to 3 ym X 3 pm.

materials (Au and Ti) are chosen for the bottom and top
electrode, respectively. The h-BN is transferred using an all-dry
transfer process, and details of the sample fabrication can be
found in the Experimental Section. The thickness of the h-BN
flakes vary between 7 and 19 nm, which is a useful range for
gate dielectric applications in transistors. Electron beam
lithography is used to pattern the top electrode, and the area
of the electrode is varied between 500 nm X 500 nm to 3 um X
3 um squares, as shown in Figure 1b.

We use AFM to both image and electrically probe the
fabricated h-BN capacitors. The tapping mode imaging is used
to locate the capacitor, and CAFM is used to measure charge
transport across the capacitor, as shown schematically in Figure
la. We use Pt wire AFM cantilevers as these provide robust
and reliable CAFM measurements. A semiconductor param-
eter analyzer is externally connected to the AFM, allowing the
current flow to be limited to a set value at the instant of
breakdown. This is an important consideration not only to
protect the tip from high current induced damage, but also for
dielectric breakdown measurements to enable the various
stages of dielectric degradation to occur at different current
injection levels. This gives access to stress-induced leakage
current (SILC) at low current, SBD at moderate current, and
HBD at high current.”
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We use TEM to measure the thickness and crystallinity of h-
BN in the as-prepared capacitors. A low-resolution overview of
the cross section of a capacitor is shown in Figure 2a. A
sacrificial layer consisting of SiO, and Pt is deposited to
prevent damage during focused ion beam (FIB) sample
preparation. The TEM micrographs in Figure 2b,c show that
the h-BN used in our experiments is monocrystalline and the
as-fabricated devices do not contain any bulk structural defects,
as commonly present in CVD-grown h-BN films. While the h-
BN/metal interfaces are generally sharp, the top 1—3 layers
(i.e, ~1 nm) of h-BN near the Ti electrode have reduced
crystallinity as shown in Figure 2d. We attribute this to
process-induced damage caused by the electron-beam
evaporation of the Ti contact, as also observed for other 2D
materials.”* A low-resolution cross-sectional TEM micrograph
of a set of several capacitors fabricated on a 12 nm thick h-BN
is shown in Figure S1. Analysis of this and similar TEM data
show that the thickness of the h-BN is the same for different
capacitors fabricated on the same flake, which is highly
desirable for a quantitative analysis of charge transport and
statistical analysis of variability across devices.

2.2. Charge Transport and Device-to-Device Varia-
bility. The dielectric breakdown field (&gp,) is one of the key
metrics to evaluate any gate dielectric material, and we first
measure it for the h-BN single crystals used in our experiments.
Current—voltage breakdown curves for five different 500 X 500
nm? capacitors of a 12 nm-thick h-BN are shown in Figure 3a.
The leakage current increases exponentially with applied bias
and an abrupt increase in the leakage current is observed at the
instant of SBD at ~10 nA. We define the breakdown voltage
(Vgp) as the voltage at which the current compliance is
reached, e.g,, 100 nA in Figure 3a, which is sufficiently high for
SBD to occur, but far lower than typical HBD conditions, e.g.,
>1 pA for the 12 nm-thick flake of Figure 3a. The relation
Vip/t, — gy is then used to obtain &, where t; gy is the flake
thickness as measured by either AFM or TEM. Analysis across
S different capacitors shows that &zp is ~15.8 = 0.5 MV/cm
for 12 nm-thick h-BN, comparable with the highest quality
single crystalline h-BN reported to date.””

In general, we find that I-V curves show good uniformity for
a fixed capacitor area but some variability is observed across h-
BN flakes of different thicknesses. This result is summarized in
Figure 3b,c, which shows the scaling of leakage current as a
function of capacitor area and h-BN thickness. The current
density at a fixed electric field (£) of 10 MV/cm for three
different capacitor areas of 1 X 1 ym? 2 X 2 um? and 3 X 3
um?® on a single 12 nm-thick flake is shown in Figure 3b. The
current density (J) is moderately uniform (J within ~40%)
across the capacitors, with the smaller 1 X 1 ym? capacitors
showing noticeably lower leakage current. There is greater
variability in the current density as a function of h-BN
thickness (J varies by ~70%), as shown in Figure 3c. The I-V
data are measured across different h-BN flakes of 12, 15, and
19 nm thicknesses for 2 X 2 um’ area capacitors and the
current density for all three h-BN thickness are extracted at £ =
10 MV/em for comparison. It must be emphasized that
relatively few capacitors are tested for each experimental
condition and the sole purpose of Figure 3b,c is to provide a
qualitative perspective of the data variability.

Charge transport simulations can be used to model the I-V
electrical characteristics and extract useful data. Herein, we use
a multi-phonon trap-assisted tunneling (MPTAT) description
of the transport process’>*® within the Ginestra simulation

https://doi.org/10.1021/acsaelm.2c01736
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Figure 2. TEM micrographs of the as-prepared h-BN. (a) Low-resolution TEM micrograph showing the cross section of a capacitor. SiO, and Pt
layers were deposited to prevent damage to the capacitor during FIB sample preparations. (b) TEM micrograph showing a cross section of an as-
prepared Au/h-BN/Ti capacitor taken at the location indicated by the square in panel (a). (c) High-resolution T EM micrograph from the bulk
region of h-BN, indicated by the square in panel (b), showing the 2D layered structure. No obvious structural defects are visible. (d) TEM
micrograph of the Ti/h-BN interface, indicated by the square in panel (b), where process-induced damage is observed in the top 1—3 layers of h-

BN.

platform® to fit the experimental J-£ data for different

thicknesses (e.g., as shown in Figure S2), from which the
trap energy (E,) and trap density (N,) can be extracted.
Ginestra is a multiscale defect-centric simulation program,
which self-consistently describes all the possible degradation
mechanisms for dielectrics. Further details can be found in the
Experimental Section and in previously reported works.**¢
Within our simulation framework, traps are electrically active
defects treated as discrete point entities that can trap and emit
carriers and support their transport through the material. The

1265

number of traps within the considered material is determined
by N, that, together with their thermal ionization and
relaxation energy distribution, determines the magnitude of
the trap-assisted current as well as its dependence on the
voltage (that is, the shape of the I-V curve). We find the
experimental J-§ data prior to any SBD event can be nicely
reproduced in the simulation for different h-BN thicknesses by
incorporating the parameters shown in Table S1, which are
calculated by averaging over all the J-£ data for a given
thickness. Ginestra fitting for the 7 and 12 nm films shows that

https://doi.org/10.1021/acsaelm.2c01736
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Figure 3. Cap-CAFM electrical measurements on h-BN capacitors. (a) I-V breakdown data measured across S capacitors on the same 12 nm-thick
flake shows a breakdown field of 15—16 MV/cm. The area of the capacitors is 500 X 500 nm? (b) Plot showing the current density at 10 MV/cm
for three different capacitor areas of 1 X 1 ym?, 2 X 2 yum?, and 3 X 3 ym? on 12 nm-thick h-BN. The number of capacitors tested for 1 X 1 gm?, 2
X 2 ym? and 3 X 3 um? are 8, 9, and 3, respectively. The error bars indicate the range of values measured. (c) Plot showing the current density for
2 X 2 pum? area capacitors as a function of h-BN thickness at a measured electric field of 10 MV/cm. The number of capacitors tested for 12, 15,
and 19 nm thickness are 9, 4, and 4, respectively. The error bars indicate the range of values measured. Complete data sets for other capacitor sizes
are plotted in Figure S2. (d) Plot of current density vs applied voltage for both positive and negative polarities on 7 nm-thick h-BN shows that the
leakage current depends on the electrode used for current injection. Dots represent the experimental data while lines are Ginestra simulation
fittings. The extracted values of work function for Ti and Au are 4.37 and 5.30 eV, respectively.

the average trap density in the h-BN crystal varies between 2 X
10" and 4 X 10"7 cm™>. These defects in h-BN are located at
the middle of the band gap, around 2.5 to 3.0 eV from the
bottom edge of the conduction band.

We now discuss the role of the Au and Ti electrodes on the
current injection. A representative J-£ plot for 7 nm-thick h-BN
for both positive and negative polarities is shown in Figure 3d.
The measured current density is an order of magnitude higher
for the same applied bias in the case of electron injection from
Ti (at negative polarity) compared to Au. Ginestra simulation
fittings to the experimental data show that the work functions
of Au and Ti electrodes are 5.30 and 4.37 eV, respectively, in
agreement with the previously reported values. We attribute
the higher current injection from Ti at negative polarity
primarily to its lower work function compared to Au, although
effects from the defective Ti/h-BN interface cannot be ruled
out.

2.3. Degradation and Dielectric Breakdown. In this
section, we present the results on the defect generation,
degradation, and dielectric breakdown in h-BN crystals by
combining electrical measurements, ab initio DFT calculations,
and physiochemical analysis using TEM.

2.3.1. Time-Dependent Dielectric Breakdown. Time-
dependent dielectric breakdown (TDDB) measurements are
standard reliability tests, which are useful to understand the
temporal evolution of defects in a dielectric under an applied
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. 38
electrical stress.”” The measurements are undertaken by

applying a constant voltage stress (CVS), and the correspond-
ing leakage current is monitored as a function of time. The
choice of electric field/voltage is rather arbitrary and is chosen
so that the measurement finishes within a reasonable time,
typically ~10>~10° s. TDDB data for five different 2 X 2 ym*
capacitors measured at £ = 8 MV/cm on 12 nm-thick h-BN are
plotted in Figure 4a. The leakage current increases
progressively with time until dielectric breakdown when the
current increases abruptly by almost two orders of magnitude.
These TDDB trends are consistent across all the devices, again
indicative of the material homogeneity across a single h-BN
crystal. The general features of TDDB in h-BN are similar to
conventional dielectrics such as SiO, and HfO,, with various
stages of dielectric degradation clearly identified.”” The first
stage of TDDB shows charge trapping where pre-existing
defects in the h-BN get filled and the tunneling current reduces
to ~20% of the initial value. Following this, a SILC stage
begins, characterized by the generation of new defects, which
on further stressing, give rise to an increase in leakage current.
Lastly, SBD occurs and the current increases abruptly to the
current limit. It is important to highlight that charge trapping
in h-BN is due to pre-existing defects in the crystal before any
stressing. Both charge trapping and SILC components can be
separated from the TDDB data, and the different charge
transport mechanisms were analyzed individually.
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Figure 4. Cap-AFM measurement of TDDB characteristics of h-BN capacitors of 12 nm thickness. (a) TDDB data for five capacitors, each of area
2 pum X 2 pum, are plotted to show the TDDB trends. A compliance current of 100 nA is used. The leakage current increases progressively with time
and various stages of TDDB can be identified including charge trapping, SILC, and SBD. (b) Zoomed-in view of the charge trapping regime
highlighting the initial reduction in leakage current due to charge trapping at pre-existing defects in h-BN. The solid line (pink) is the linear fit of
the decreasing part of the TDDB, which can be subtracted from the overall current shown in panel (a) to extract the SILC component. (c) Plot of
the SILC component shows a progressive increase in current over time. Fitting shows that after the initial rise, the SILC current follows a power law

I o t* with exponent a ~ 1.2 (solid pink line).

Following Degraeve et al,*" the charge trapping component
is best represented by subtracting the TDDB current at time
zero from the overall TDDB data, as plotted in Figure 4b. The
charge trapping component decreases linearly with time and is
modeled by a linear fit to the decreasing part of the current, as
shown in Figure 4b by the solid line. This fitting is extrapolated
to breakdown over the SILC stage and the value of the current
subtracted from the TDDB data to yield the SILC component,
as shown in Figure 4c. The SILC component follows a power
law:

a
Igpc o t

where I ¢ is the SILC current, t is the stress time, and « is the
power law exponent. Typically, @ depends on the applied
electric field, temperature, and the dielectric material. In the
initial phase of SILC (up to ~200 s), a is small and variable,
suggesting a relatively slow generation of defects, which
subsequently increases by an order of magnitude at the later
stage to a = 1.2. This general SILC behavior is similar to that
observed in conventional oxides, e.g., in 10 nm-thick HfO,
films and HfO,/SiO, stacks with a ~ 1.*"**

2.3.2. Layer Shorting Effect in h-BN. The defect generation
rate in gate dielectrics depends on many experimental
parameters, including applied electric field, current density
(i.e, charge fluence), temperature, and current compliance
(Iomp)- We focus here on the effect of current compliance by
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using two Iy, values of 100 pA and 100 nA. In these
experiments, a h-BN capacitor is subjected to repeated ramp
voltage stress (RVS) at a ramp rate of 60 mV/s and the
resulting I-V data are recorded to monitor the degradation
trends. The I-V data for one such 2 X 2 um? capacitor of 12
nm h-BN thickness subjected to I, = 100 nA is shown in
Figure 5a,b. Repeated RVS leads to a progressive decrease in
resistivity and eventually complete dielectric breakdown. This
behavior is consistently observed across all capacitors, as
shown in Figure S3. We use Ginestra to model all the I-V
curves shown in Figure Sb and Figure S3, with symbols
representing experimental data and solids lines the Ginestra
simulation fittings. The major inference from the simulation is
that changes in the trap density alone cannot account for the
observed increase in the current during each RVS cycle, as to
do so requires changing material parameters for each different
I-V, which is not logical. We find the experimental RVS data
can only be reproduced in a consistent way when both effective
thickness and trap density are allowed to change simulta-
neously, as shown in Figure Sb, Figure S3, and Table S2. Here,
the effective thickness is the “equivalent thickness” of h-BN
that would give rise to the observed change in the current. For
example, in fitting Figure Sb, the effective h-BN thickness
reduces by 3.0, 2.5, 1.5, and 1.0 A after the Ist, 2nd, 3rd, and
4th RVS stress cycles, respectively. Similar results are found on
other thickness flakes, and Figure S4 and Table S3 show the
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Figure 5. Cyclic ramp voltage stressing (RVS) by Cap-AFM of capacitors of 12 nm thickness. (a) I-V characteristics measured on a 2 X 2 um’

capacitor during repeated RVS stressing at compliance I,

= 100 nA and ramp rate of 0.06 V/s. The data shows a gradual increase in the leakage

current with successive RVS cycles and soft breakdown occurs at cycle 6. Note that the leakage current is higher here compared to the data in
Figure 3a as the device area is larger. (b) Data (symbols) replotted for comparison with Ginestra charge transport calculations (solid lines). The
simulation results only fit well with experimental data when an effective h-BN thickness reduction is also considered. (c) Plot showing the resistance
of a capacitor decreasing with each RVS cycle. The resistance is extracted at an arbitrarily chosen bias of 9.50 V for each RVS cycle. The data is
taken at I, = 100 nA over nine 2 X 2 um? capacitors. (d) I-V plot measured on a 1 X 1 ym” capacitor during repeated RVS stressing at a low

compliance of I,

= 100 pA.

data for a 7 nm-thick flake. Note that each individual I-V is
fitted (no averaging is undertaken) and importantly, the same
material parameters are used to model both the 7 and 12 nm-
thick RVS results.

The changes in the effective thickness in the above example
are close to the monolayer thickness of h-BN (3.3 A) and it
would be tempting to infer that the reduction in thickness
represents the breakdown of approximately one monolayer
under each stress cycle. This is not the case, however, for the
reasons now discussed. It is shown in Section 2.3.5 below that
a type of defect referred to as a molecular bridge® most readily
forms between two adjacent h-BN layers and will lead to high
electron transmission, i.e., a low resistance path, between the
two layers. This effect, which we also call “electrical shorting”
between layers, can be observed directly by conduction AFM "
because CAFM measures over an area of ~10 X 10 nm” and
hence a change in only a single h-BN layer greatly changes the
out-of-plane resistance. In contrast, the current in a capacitor
flows through a far larger area and the effect from the
formation of a single molecular bridge defect is masked by the
large leakage current. Similarly, for the TDDB data of Figure
4a, except the large increase in current when the stack
undergoes SBD, there are no sudden jumps in conductivity
that could be associated with the breakdown of individual h-
BN layers. Rudimentary calculations assuming a 1 X 1 ym?®
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capacitor made up of 10 X 10 nm” sized resistor elements in
parallel, with resistance per layer given by the measured tunnel
resistance of h-BN'?, indicate that the total resistance of the
capacitor stack will only change by a small fraction (<«1%) if a
single layer short-circuits in one of the resistive paths. Clearly,
the resistance change between RVS cycles in Figure Sa is much
larger, as shown explicitly in Figure Sb where the resistance is
calculated at an arbitrarily chosen bias of 9.5 V for several 12
nm-thick capacitors. The resistance decreases to ~50% of the
initial value after the first cycle and subsequent RVS cycles lead
to smaller but significant reductions of 10—20%.

Given that I-V data alone cannot provide unequivocal
evidence about the nature or number of isolated defects, how
can the RVS breakdown data taken on capacitors be
interpreted? We postulate that the RVS data such as shown
in Figure Sa represents the combined effect of in-plane and
out-of-plane defects, but a significant component must be
electrical shorting between layers by the formation of out-of-
plane molecular bridges. Support for this interpretation comes
from the Ginestra simulations, DFT calculations, and previous
CAFM results.'” The charge transport simulations show that
the RVS data can only be well fitted by incorporating a change
in effective thickness, leading to the conclusion that this
thickness change represents the combined effect of many
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Figure 6. TEM data of electrically stressed capacitor. (a) HRTEM micrograph of a 10 nm-thick h-BN capacitor showing the h-BN layers after
dielectric breakdown. The image shows the breakdown spot induced by an SBD event. The crystallinity of the h-BN is severely disrupted after
breakdown as compared to unstressed h-BN, e.g.,, as shown in Figure 2c. The area of the capacitor is 500 nm X 500 nm, and the breakdown
compliance is I, = 100 nA. (b) HAADF STEM micrograph showing the cross section of the stressed device where a material change in the shape
of a truncated cone (marked by dotted lines) is visible at the bottom Au electrode. A zoomed-in view of the truncated cone is shown in the inset at
upper right. (c) EELS analysis across the line shown as L = 0 to L = 30 nm in panel (b) showing the elemental distribution of Ti and N. A
significant migration of Ti occurs from the top to the bottom electrode. (d) High-resolution STEM micrograph showing the zoomed-in view of the
truncated cone site, highlighted at the bottom Au electrode by the dashed lines. (e) EDX elemental map of Au and (f) Ti for the area shown in
panel (d). EDX analysis confirms the migration of Ti to the bottom electrode after breakdown.

different locations within the stack experiencing localized
electrical shorting between h-BN layers.

Evidence showing that adjacent layers can indeed form
electrical shorts under electrical stress is provided by our
previous CAFM experiments in which it was observed that
~30% of the RVS curves'” showed discrete changes in the I-V.
As noted above, since CAFM is a highly localized measure-
ment over an area of approximately 10 X 10 nm?, the discrete
changes in IV could be confidently associated with the
localized breakdown of one or two monolayers of h-BN.
Finally, DFT results described in Section 2.3.5 below and by
others®" show that many different types of stable defects can be
generated in h-BN, both in-plane and out-of-plane. Signifi-
cantly, a set of defects formed by molecular bridges between
layers exhibits the lowest formation energy of all the defect
configurations tested. These molecular bridge defects have
been shown to greatly enhance the electron transmission in the
out-of-plane direction.”® All of these observations strongly
indicate that the generation of molecular bridges between
layers under electrical stress plays an important role in the
electron transport across the capacitor.

The relative importance of each defect type cannot be
determined solely from the I-V data. For example, the data
taken at Iy, = 100 nA (e.g, Figure 5a) drives the capacitor
close to SBD with the generation of a high number of defects,
many of which we surmise are molecular bridges. The large
change in the conductivity facilitates the observation that an
effective thickness must be introduced to fit the data within the
Ginestra framework. In contrast, capacitors subjected to a
much lower current compliance stress (Iomp, = 100 pA)
generate far fewer defects and show only small increases in
conductivity during RVS, as shown in Figure 5d and Figure SS.
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Such small changes in the I-'V curves can be modeled in
Ginestra equally well by a mix of changes in both effective
thickness and trap density, and thus it is not possible even at a
qualitative level to estimate the relative importance between
defects. A similar conclusion is reached if the RVS ramp rate is
varied as shown in Figure S6. Notwithstanding this variability
of the RVS curves when the experimental parameters are
changed, the data is highly reproducible under fixed
conditions. For example, Figure Sc shows that the change in
the resistance measured for several capacitors is tightly
grouped for a given RVS cycle.

2.4. Analysis of Soft Dielectric Breakdown Using TEM.
Critical physical insight comes from the TEM investigations.
Specifically, we use TEM imaging and spectroscopy to study
the physical and chemical changes at atomic length scales in h-
BN after soft dielectric breakdown. High-resolution TEM
(HRTEM) and scanning TEM (STEM) are used for imaging
physical changes due to electrical stress, while electron energy
loss spectroscopy (EELS) and energy-dispersive X-ray (EDX)
spectroscopy are used to identify chemical changes after
dielectric breakdown. We use FIB for site-specific sample
preparation for the TEM studies. Breakdown is initiated by
stressing capacitors ex situ by CAFM using a RVS with I, ~
100 nA, as shown in Figure S7a. The stressed capacitor does
not show any gross physical damage, as seen in the scanning
electron microscopy (SEM) micrograph of Figure S7b. Large
area cross-sectional TEM micrographs of the capacitor, Figure
S7¢, also do not show any structural damage.

It is important to emphasize that the HRTEM data
presented here shows h-BN after SBD, i, a breakdown
path has formed between the electrodes and the resistance is
very low. As such, the TEM data shows the aftermath of the
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soft breakdown event and does not necessarily show the
defects, e.g., molecular bridges, arising from the electrical stress
during the SILC phase. Experiments were attempted in which
the stressing was stopped prior to SBD, as in the RVS
measurements of Figure Sa,b, but no contrast changes could be
observed in any of the TEM micrographs. This can be
explained by the relatively large 50—100 nm thickness of the
TEM samples in comparison to the subnanometer diameter of
the molecular bridges; the bridge defects would not give
enough contrast to be visible in cross-sectional TEM
micrographs.

Representative TEM data is shown in Figure 6 in which a 10
nm-thick h-BN capacitor of area 500 X 500 nm? is subjected to
breakdown. The cross-sectional HRTEM micrograph of the
stressed capacitor in Figure 6a shows that the crystallinity of
the h-BN is severely disrupted compared to the unstressed
sample, e.g.,, Figure 2c. This remarkable micrograph is taken
directly at the breakdown spot, where the h-BN layers appear
to abruptly terminate over a very narrow region while
maintaining crystallinity just nearby. If we assume the breaks
in the lattice structure represent the current path, this path is
<1 nm in width and traverses the capacitor in a zigzag manner
(also see Figure S8), the latter also reflecting the fact that
charge transport may also be assisted by defects in the plane of
the h-BN layers. We cannot rule out the possibility that the
breakdown spot itself is larger than ~1 nm and might not be
fully captured because it is entirely fortuitous where the FIB
cut transverses the capacitor in the preparation of the TEM
sample. Nonetheless, all data indicate that the breakdown spot
is nearby given the clearly observable formation of physical
defects, reduced crystallinity, and migration of Ti in the h-BN
layers (see below). Based on the TEM results, we conclude
that the long-range crystalline structure of h-BN is severely
disrupted after SBD and that metal migration through the
breakdown region leads to the formation of a metallic
conducting path, as now discussed.

We further analyze the stressed capacitor shown in Figure 6a
using STEM. Physical defects at the bottom Au electrode are
observed, as shown in Figure 6b, where a truncated cone-like
feature is formed after breakdown. We perform EELS analysis
near this truncated cone to analyze the chemical components.
A normalized EELS line spectrum of Ti across the capacitor is
shown in Figure 6¢, which shows the presence of Ti at the
bottom Au electrode, indicating the migration of Ti during the
breakdown process. Conversely, the unstressed h-BN capacitor
does not show any signature of Ti at the bottom electrode, as
shown in Figure S9, confirming that Ti migration occurs due to
the breakdown. We also confirm the presence of Ti at the
bottom Au electrode using EDX analysis of the breakdown site.
A STEM micrograph of the breakdown location is shown in
Figure 6d where an EDX compositional analysis for Au and Ti
is performed and the results are shown in Figure Gef,
respectively. Signatures of Ti are clearly present at the
truncated cone site in the bottom Au electrode.

At present, it is not known whether the migration of metal
influences the dielectric degradation process prior to break-
down and more research is required in this direction. Our DFT
calculations do indicate that the substitution of boron by Ti is
energetically favorable at boron monovacancy defects (with a
low formation energy E,., = 7.10 eV), and the resulting band
structure of Ti/h-BN is completely metalized. In comparison,
substitution of Ti into a nitrogen monovacancy is far less
favorable (with Eg,, = 19.47 eV). Thus, the generation of
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boron vacancies coupled with metal diffusion under electrical
stress could promote the migration of Ti inside the bulk h-BN,
with the generation of metalized Ti/h-BN defects giving rise to
electrical shorting between layers. There is no experimental
evidence for this conjecture at present as we do not observe
any Ti in the bulk h-BN regions. However, as noted above for
molecular bridge structures, stress-induced defects may simply
be extremely difficult to directly observe in TEM. Furthermore,
migration of metal ions to and from the electrodes has been
proposed as a possible mechanism for the related phenomenon
of resistive switching in h-BN for resistive random access
memory (ReRAM) devices.”> For future experiments, we
suggest exploring different electrode materials with varying
diffusion coefficients (e.g., graphene, Pt, Ag, Cu) to assess the
influence of metal migration on the defect generation and
overall breakdown process.

2.5. Ab Initio Studies of Stress Induced Defects. The
Ginestra simulations show the typical density of traps during
the initial SILC phase of dielectric degradation is of the order
of ~5 X 10" cm™. This translates to ~1000 traps being
present in a typical capacitor of 1 X 1 um? area with 10 nm-
thick h-BN, or ~30 defects per h-BN layer. This low density
makes individual defects extremely challenging to locate even
using atomic resolution experimental techniques such as TEM.
We have therefore undertaken DFT calculations to elucidate
the possible defect configurations, which could contribute to
the h-BN degradation in agreement with our experimental
findings. The results from the previous DFT studies of defects
in electrically stressed h-BN are also incorporated.”"*

Early DFT studies highlighted the possible existence of a
large pool of defects in h-BN.***> Two of the simplest intrinsic
structural defects in h-BN are nitrogen and boron mono-
vacancies, with more complex structures possible including di-
and trivacancies of boron and nitrogen, metal complexes, and
permutations of these defects. Extrinsic defects from trace
impurities and the growth environment, e.g, oxygen and
carbon, have also been reported, which could exist either as an
interstitial defect or form substitutional defects in the h-BN
crystal. Since we are studying monocrystalline h-BN, such
extrinsic defects do not have to be considered here.

The large library of possible defects in h-BN makes it
challenging to uniquely identify the defects associated with the
various stages of the breakdown. In our DFT studies, we focus
on defects in h-BN, which qualitatively describe charge
transport in the out-of-plane direction, which is most relevant
to breakdown across a capacitor stack. We find that when two
atomic defects are aligned in adjacent layers of h-BN, the
resulting overall defect structure can significantly increase the
orbital overlap between adjacent h-BN layers and in several
cases lead to strong bonding between the two layers. Such
defects have been termed molecular bridges by Strand et al.*!
and our DFT results reveal three bridge structures correspond-
ing to the lowest formation energies among all structures
considered in our study. As such, we postulate that the
generation of such molecular bridge defects contribute
significantly to the observed out-of-plane charge transfer and
electrical shorting between layers, an assumption supported by
the electronic transmission calculations of Ducry et al.>* The
presence of such molecular bridges across the van der Waals
gap between adjacent h-BN layers thus provides charge
transport ‘highways’ that facilitate vertical current flow across
the h-BN stack. We cannot fully confirm yet whether the three
bridge structures are indeed the lowest energetically among all
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Figure 7. Top view, side view, and differential charge density map for defect structures of (a) V5Vyq, (b) ViVyg and (c) V5Vgo. Green and white
balls represent boron and nitrogen atoms, respectively. Only three defect configurations have been shown here and a complete list of defects is
shown in Figure S10. The various possible combinations of defect structures have been calculated considering the presence of both boron (Vg) and
nitrogen (V) monovacancies in the adjacent layers of a bilayer h-BN. The numerical subscript in the defect nomenclature indicates the spatial
location of the defect in the bottom layer of h-BN compared to the adjacent top layer. Molecular bridges are formed between the adjacent h-BN
layers for VyVy, and ViV, defects. The differential charge density map has been overlapped on the side view atomic structure to show the extent
of charge overlap. Here, yellow sections represent electron accumulation while cyan sections represent electron depletion. Note that not all the
defect configurations result in a molecular bridge, e.g., the VzVg, defect in panel (c).

possible defect configurations and charge states, but other
defect pairs tend to have much larger formation energy and
hence while they may contribute to the charge transfer, these
non-bridging defects are presumably smaller in number.

In our DFT calculations, we present cases where two
monovacancies of boron (Vg) and/or nitrogen (Vy) are
aligned in AB stacked bilayer h-BN. The nature of these
configurations could also be termed “defect clustering”, and
clustering has been shown in conventional dielectrics,*® such as
HfO,, to significantly affect the defect generation rate, i.e., it is
more energetically favorable to create a new defect near a pre-
existing defect. In the case of h-BN, the spatial proximity to a
pre-existing Vy (or V) defect significantly reduces Eg,,, for
the generation of a subsequent Vi (or Vy) defect. A
representative example showing a top view of the resulting
defect structure is shown in Figure 7a, where a Vy defect is
present in the first layer and a Vy defect is located directly
below it in the second layer. We label this defect configuration
Vi-Vyo- The numerical subscript “0” indicates that the position
of Vy in the second h-BN layer is directly below Vy in the first
layer. This spatial arrangement of defects results in slight
distortion of the h-BN crystal at the defect site and three
localized B—N bonds are formed between layers, as shown in
the side-view representation. The resulting overall defect
structure shows a large overlap of charge density across the h-
BN layers, creating charge pockets, which can presumably
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support high charge transmission between the layers, as noted
by Ducry et al.”” The existence of a molecular bridge strongly
suggests that this type of generated defect is linked to electrical
shorting between layers in the breakdown measurements. In
fact, the band structure calculations of defective few-layer h-BN
show the existence of multiple localized defect levels created
around the Fermi level, which may serve as electronic states to
mediate hopping conduction across the vertical direction of the
h-BN stacks. Another example of a defect configuration is
where two Vy defects are aligned in adjacent layers, as shown
in Figure 7b. This defect configuration is labeled as V-V
The side view of the resulting overall defect structure shows
that a single N—N bond is created at the defect site, resulting
in a localized overlap of charge density cloud. As above, the
molecular bridges formed between the adjacent h-BN layers
most likely lead to electrical shorting between layers.

Not all the interlayer vacancy defect configurations result in
a molecular bridge. An example is shown in Figure 7c where
two Vg defects are present in adjacent h-BN layers. The
resulting overall defect V-V, does not form any bond
between the layers and the extent of charge overlap is
significantly reduced compared to the V-V, and V-V
defects.

We also consider alternative defect configurations in which
the defect in one layer is laterally positioned one to two lattices
spacing away from a defect in the adjacent layer. Including
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defects that are aligned between adjacent layers, this generates
a total of 9 defect combinations (V5Vyo, ViV, VsVaa VaVioe
VoV, VaVao ViVee VeV, and VpVy,). The formation
energy (Egym) of all 9 defect configurations is shown in Table
S4, and the resulting overall defect structures are shown in
Figures S10. Some of the key findings are as follows: (i) The
molecular bridge defect V3V, has the minimum Eg, ., among
all the defects considered here. (ii) The three most
energetically favorable defects VyVyo (B = 1242 €V),
VeVt (B = 16.73 V), and ViV (B = 1724 eV) all
induce molecular bridges with varying number of bonds and
are likely to be responsible for electrical shorting. (iii) Two of
the defects (VyVy; and VyVy,) show substantial charge
density overlap without the creation of a molecular bridge, a
result which demonstrates that although the formation of this
defect is far less likely than the molecular bridge defects (the
formation energy is at least 2 eV higher), charge transfer may
occur and contribute to the leakage current if such defects are
generated in sufficient numbers.

3. DISCUSSION

3.1. General Characteristics of Degradation in Electri-
cally Stressed h-BN. The TDDB trend shown in Figure 4
qualitatively resembles conventional bulk gate dielectrics (e.g.,
SiO, and HfO,), and similar stages of dielectric degradation
resulting from defect generation are identifiable, including
charge trapping, SILC, and soft breakdown. The breakdown
field strength measured for h-BN is {zp ~ 15 MV/cm, which is
comparable or higher than conventional gate dielectric films,
e.g, ~13 MV/cm for SiO,. Ginestra simulation employing a
trap-assisted tunneling defect mechanism has been extensively
applied to model charge transport in bulk gate dielectrics in the
past, and we find the model framework works equally well for
h-BN. Simulation fittings to the experimental I-V data provide
a value of the defect density in crystalline h-BN of the order of
10'7—10" cm™. This is less than the intrinsic defect density in
HfO, (~5 x 10" to § x 10" cm™), although orders of
magnitude higher compared to thick CMOS-quality SiO,
(~10" cm™) films. The higher defect density in h-BN
compared to SiO, may be intrinsic (i.e., pre-existing) but could
also arise from defects induced by the top electrode deposition
observed in the TEM micrographs, e.g., Figure 2¢. Creating an
ideal, i.e., clean and defect-free, electrical contact on a 2D
crystalline material is a commonly encountered process
challenge,””** and research efforts are ongoing to tackle this
problem.

However, one marked difference in the Ginestra simulation
of h-BN is that in addition to simply increasing the trap
density, which is typically the case when modeling the onset of
breakdown in HfO, and SiO,, a change in effective thickness of
the film had to be incorporated to correctly model the
breakdown I-V data for h-BN. We attribute this difference to
the presence of an alternative defect generation mechanism
arising from the h-BN layering, namely, the formation of
molecular bridges, which effectively connect two adjacent
layers locally at the defect site. DFT calculations show that for
two monovacancies in adjacent h-BN layers, at least three of
the defect configurations (V5Vyq, V5V, and Vi(Vyy) result in
bridge formations, which also exhibit the lowest formation
energies of all the defect combinations considered. Strand et
al.’" have also shown that such a molecular bridge can extend
to more than two h-BN layers. Linking DFT with electronic
transmission calculations, Ducry et al.** showed that bridging
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defects can lead to a large increase in charge transmission
between adjacent layers in comparison to the much higher
resistance of alternative current flow paths. This suggest that
the bridging defects give rise to a large change in resistance in
the out-of-plane direction corresponding to one monolayer
thickness. We have previously observed this effect directly in
highly localized CAFM experiments'* showing the breakdown
of individual h-BN layers and called such events “electrical
shorting” between the layers.

Other classes of defects can also nucleate, all of which may
contribute with varying extent to the increase in leakage
current on stressing, in particular those defects with large
overlap between the charge density clouds, e.g, VyVy; and
VNV as shown in Figure S10 and Table S4. However, we
note that all other defects considered in the DFT calculations
have much higher formation energy than the VyVy, VyVyy,
and VVy, molecular bridge defects.

3.2. Physical Removal of h-BN Is Not Intrinsic to
Breakdown. The physical removal of h-BN has been
observed previously during breakdown by CAFM and has
been interpreted as the basis for a “layer-by-layer” breakdown
mechanism in h-BN.'” We argue that the physical removal of
material is not an intrinsic mechanism of breakdown in h-BN
but rather a manifestation of hard breakdown, i.e., breakdown
under very high current density conditions. We have shown in
our previous works using CAFM that a dielectric breakdown in
h-BN is not always accompanied by physical removal of h-BN
at the breakdown site."”'#** The general conclusion from
CAFM is that the removal of h-BN material does not occur at
very low current compliance but is frequent for hard
breakdown as a large amount of energy is released. Such
scenarios are not uncommon in conventional gate dielectrics as
well, where destructive material damage is observed during
hard breakdown of devices, whereas physical and structural
changes become less frequent under soft breakdown conditions
(which is of most concern in the context of device reliability
for realistic use). This has also been discussed in a recent
molecular dynamics (MD) study, which highlighted that both
swelling and material removal can be expected in multi-layer h-
BN subjected to high electron injection.*’

However, we note that both the MD simulations and the
CAFM measurements'’ provide data taken when the h-BN is
not capped with an electrode. For practical applications in
electronic devices, the h-BN is always capped with an
electrode, as in the experiments presented here. In this
situation, hard breakdown can lead to material removal and
physical destruction of the capacitor. In contrast under SBD
conditions, it is difficult to envision how h-BN layers can be
removed from underneath a metal electrode. Compelling
evidence is provided by the TEM micrographs taken precisely
at the breakdown path formed by the SBD event, e.g., Figure
6a; the h-BN layers are disrupted by the breakdown event, but
clearly no gross removal of material occurs. This assertion is
further supported by our AFM observations in which most
capacitors show no indication of material removal after being
subjected to SBD stressing. For example, out of 35 capacitors
measured on a 12 nm flake, only 2 capacitors showed the
removal of h-BN when stressed to typical SBD conditions of
ILiomp = 100 nA; but the material removal itself was catastrophic
and destructive for both capacitors, indicating that hard, not
soft, breakdown must have occurred in these two cases. Note
that a distribution in the breakdown hardness is expected, even
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for a fixed Iy, because the breakdown event is statistical in

s 150
nature, as observed, for example, in SiO, gate oxides.”

4. CONCLUSIONS

In this work, we have carried out a study on the reliability of
monocrystalline h-BN for potential application in gate
dielectrics. Our results highlight that h-BN shares many
similarities with the breakdown observed in conventional SiO,
and HfO, gate dielectrics, including the existence of charge
trapping, SILC, and SBD stages. Based on the electrical
measurements of ~1 X 1 um?* capacitor test structures, charge
transport modeling, and TEM analysis, we propose an atomic-
scale picture of degradation and breakdown in h-BN. The
stress-induced increase in leakage current may arise from the
generation of many different types of defects. However, DFT
calculations®"”* show that three defect pairs in particular
created from adjacent boron and nitrogen monovacancies
(labeled V5V, VsV, and ViyVyy,) have the lowest formation
energy. Moreover, these three defects form molecular bridges
between two adjacent layers, which effectively “electrically
shorts” the two layers at the defect location, thereby resulting
in a substantial increase in the out-of-plane leakage current. An
alternative breakdown mechanism, the physical removal of h-
BN material, most likely only occurs under hard breakdown
conditions. Direct TEM imaging of the nanoscale breakdown
location shows that SBD in h-BN leads to reduced crystallinity
and migration of Ti through only a narrow leakage path, with
no gross material removal.

The significance of metal (Ti) migration to the breakdown
process itself is not understood at present and requires further
study. This highlights a rather general problem, which is to
directly confirm the major defects responsible for the
degradation under stressing. Our DFT calculations suggest a
wide range of defects in h-BN including point defects (e.g.,
vacancies and interstitials) as well as defect aggregates (e.g,
molecular bridges, multivacancy defects). Many of these
defects have multiple charge states, which further complicates
the analysis. Future studies require complementing the ab initio
calculations with in situ (S)TEM measurements to elucidate
the physical structure of these defects, the substitutional metal
defects if present, and their contribution in the breakdown
process. Finally, it is noteworthy that such research is also of
importance in understanding the switching mechanism in
proposed h-BN-based ReRAM technology.””

5. EXPERIMENTAL SECTION

5.1. Device Fabrication. Pre-patterned SiO, (300 nm)/Si
substrates were cleaned in acetone, IPA, and DI water and then
dried in N, prior to deposition of the bottom electrode. The bottom
electrode is a 3 nm Ti adhesion layer and 30 nm Au layer deposited
sequentially using sputtering without breaking the vacuum. Single
crystal h-BN was purchased from HQ Graphene. The h-BN flakes
were exfoliated on polydimethylsiloxane (PDMS) film using blue
Nitto tape, and a PDMS stamp was used to transfer the flakes onto
the Ti-Au coated Si substrates. The h-BN sample was then annealed
in high vacuum at 300 °C for ~3—4 h to remove organic residues.
Thin h-BN flakes were identified using a combination of an optical
microscope and AFM imaging in tapping mode. Either a JPK
Nanowizard 3 or a Bruker Dimension Icon AFM were used for
imaging. Once suitable h-BN flakes were found, the top electrodes
were defined on the flakes using electron beam lithography, with the
active electrode area varying between 500 nm X 500 nm and 3 pgm X
3 um. The top electrode consisting of 7 nm Ti and a capping layer of
30 nm Au was deposited sequentially using an electron beam
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evaporator. The samples were left in acetone overnight at 60 °C for
the resist lift-off. The sample was vacuum dried at 100 °C for 5—6 h
prior to CAFM electrical measurements.

5.2. Conduction Atomic Force Microscopy. All the CAFM
measurements in this work were carried out using a JPK Nanowizard
3 AFM. For CAFM, Pt wire levers (RMN25Pt300B, Rocky Mountain,
k. = 18 N/m) were used because these all-metal levers do not suffer
from wear of the conducting material from the tip apex. We used a
combination of tapping mode imaging to first identify the individual
capacitors followed by switching to contact mode on top of the
capacitors to carry out electrical measurements. All the electrical
measurements shown in this work are carried out in contact mode at
an applied force of 10—40 nN for the entire duration of the
measurement. A semiconductor parameter analyzer (Keithley 4200)
was externally configured with the AFM (bias is applied to the AFM
tip; the sample is electrically grounded) allowing us to measure the
leakage current (ranging from pA to mA) and also to limit the current
flow through the capacitor at the instant of the dielectric breakdown.
A suite of electrical measurements including RVS, CVS, and constant
current injection was used.

It is important to be aware of tip contamination during CAFM
measurements, which leads to variability in the measured current and
possible loss of electrical conductivity over time. Appropriate
measures should be taken to mitigate such effects. Here, all CAFM
tips were pre-cleaned in oxygen plasma for 3 min prior to
measurements to remove organic residues. The CAFM experiments
were carried out under a continuous flow of nitrogen to maintain the
relative humidity at ~15% and avoid the formation of a water
meniscus at the tip apex, which is detrimental to localized electrical
measurement. During experiments, the tip is occasionally moved to
the nearby Ti-Au bottom electrode surface and an I-V measurement is
taken to check the electrical integrity of the tip, with an ohmic I-V of
low resistance indicating that the tip is suitably conducting for CAFM
measurements to continue.

Note that a thermal drift of the tip with respect to the surface
(typically of order ~1 nm/s) is not an issue because the CAFM
experiments are undertaken with the tip always in contact with the
capacitor electrode. It is of no consequence to the electrical
measurement if the tip slowly drifts over the electrode area. The
ability to monitor over long time scales, essential in experiments such
as TDDB, is another advantage of the Cap-AFM approach.

Standard tapping mode AFM was also used to obtain high-
resolution topography images of the h-BN flakes and capacitors both
before and after the electrical measurements using sharp non-
conducting cantilevers (Ultra-sharp Si levers, Tap 190G, Budget-
Sensors, k. = 48 N/m).

5.3. Transmission Electron Microscopy. Cross-section samples
for the TEM analysis are prepared by FIB milling in a FEI dual-beam
Helios 600i system. A few micron-thick SiO, is deposited first at low
temperature, which is followed by a 5 ym-thick sacrificial Pt layer. Ga
ion beam milling is then used to prepare TEM cross-sectional lamella
of the capacitors. The lamella is ~12 pm long and ~50—100 nm thick.
During ion milling, the acceleration voltage is dropped from 25 to S
kV for the polishing step to remove most of the amorphous layers on
the sample surface. Final polishing was carried out in a Fischione 1040
NanoMill at 900 V for S min. The design of our test structures allows
us to prepare cross-sectional TEM lamellae of multiple capacitors in a
single experiment, thereby increasing the efficiency of the sample
preparation. The structural analysis of the sample is carried out using
a FEI Titan microscope and JEOL JEM 2200FS operating at 200 kV.
The images were acquired in conventional TEM imaging mode under
parallel illumination. EDX analysis is also carried out on the JEOL
JEM 2200FS in STEM mode.

5.4. DFT Calculations. Theoretical calculations were carried out
by using the Vienna ab initio simulation package (VASP)*“** with
generalized gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE)** functional. For valence electrons, a plane-wave
basis set was adopted with an energy cutoff of 500 eV and the ionic
cores were described with the projector augmented-wave method. A
common approach to account for van der Waals interactions is to
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include a DFT-D3** correction as proposed by PBE.*® The optimized
lattice parameter for a h-BN monolayer was calculated to be 2.50 A,
which employed an energy criterion of 1078 eV reached for a self-
consistency cycle and the residual forces having converged to less than
0.001 eV A", For the optimization of all the relaxation atoms, a 4 X 4
supercell h-BN is constructed as a substrate where 19 X 19 X 1
Monkhorst—Pack k-point grids were used to sample the Brillouin
zone. In addition, to avoid the interlayer interactions, a vacuum
spacing in the z direction was set to be 15 A.

5.5. Charge Transport Modeling. Charge transport through the
considered material stack is modeled accounting simultaneously for a
variety of charge transport mechanisms, such as direct/Fowler—
Nordheim tunneling, trap assisted tunneling (TAT), drift-diffusion in
conduction/valence and defect bands, thermionic emissions (the
dominant one depends on the external conditions — temperature and
voltage — as well as on the device state). Defects are treated as
discrete entities described through two key parameters, the thermal
ionization (Er) and relaxation (Egg) energies, that identify their
specific atomic structure.”>*® Trap capture and emission times are
calculated in the framework of the multi-phonon theory accountin
for carrier—phonon coupling and lattice relaxation processes.*>*¢ ™
An extended description of the charge transport models is reported in
prior works.>>>® Charge transport equations are self-consistently
solved together with Poisson’s equation, accounting for defect charge
state and occupation probability. Further details of the modeling are
provided in Note S1 “An outline of the Ginestra platform” in the
Supporting Information.
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